Introduction
============

Alzheimer\'s disease (AD) is the most common form of neurological disorder, presenting symptoms of irreversible and progressive memory loss as well as cognitive decline as a result of the death of brain cells ([@b1-mmr-18-02-2164]). In 2017, a total of 5.5 million people suffered from AD in the USA, of which 5.3 million were aged ≥65 years old ([@b2-mmr-18-02-2164]). However, not all brain regions associated with AD are simultaneously affected to the same extent during disease progression ([@b3-mmr-18-02-2164],[@b4-mmr-18-02-2164]). Therefore, it is of critical importance to determine the different underlying mechanisms affecting different brain regions during AD.

As high-throughput technologies have advanced, multi-level omics data are subsequently becoming widely available ([@b5-mmr-18-02-2164]). Due to the increasing production of large-scale functional genomic datasets, single biomarkers for AD are now being determined on a genome-wide scale ([@b6-mmr-18-02-2164],[@b7-mmr-18-02-2164]). Cellular genes demonstrating a correlation in expression changes are likely to function as a gene pair that perform similar functions ([@b8-mmr-18-02-2164],[@b9-mmr-18-02-2164]). However, gene pairs can be present in biological networks that interact with numerous molecular regulators, such as micro (mi)RNAs and long non-coding (lnc)RNAs, which serve important roles in regulating transcription, post-transcriptional modification and translation as well as non-coding (nc)RNAs in humans ([@b10-mmr-18-02-2164]--[@b12-mmr-18-02-2164]). LncRNAs have numerous structural features that are similar to messenger (m)RNAs; for example, lncRNAs may recognize complementary sequences of mRNAs, and thus regulate mRNA processing ([@b13-mmr-18-02-2164]). Whereas miRNAs negatively regulate gene expression via the targeting of mRNAs ([@b14-mmr-18-02-2164]). However, interactions between miRNAs and mRNAs are not unidirectional, and mRNAs and lncRNAs ([@b15-mmr-18-02-2164]) can function as competing endogenous (ce)RNAs for binding with miRNAs ([@b16-mmr-18-02-2164]). For example, the cell division cycle 42 AD associated gene and the ribonuclease P RNA component H1 lncRNA represent a compensatory mechanism in the early stage of AD pathogenesis ([@b17-mmr-18-02-2164]). Furthermore, modularity has been considered to represent an important indicator for the identification of key molecules present in multi-level ncRNA-mediated gene regulatory networks in order to further the understanding of AD in different brain regions.

In the present study, based on 1,548 samples from a cohort of 90 patients with AD spanning 19 brain regions from Gene Expression Omnibus (GEO) database (database no. GSE84422) ([@b3-mmr-18-02-2164]), a gene pair-based method was established for the classification of 19 brain regions into different groups according to exhibited symptoms associated with AD ([Fig. 1](#f1-mmr-18-02-2164){ref-type="fig"}). Principal component analysis (PCA) revealed that there were marked differences in the effect of AD on the amygdala, caudate nucleus, nucleus accumbens, precentral gyrus, putamen and temporal pole brain regions as well as a cluster of a further 13 brain regions disparately affected by AD. Five functional modules were identified to distinguish these regional groupings based on the most strongly associated gene-pairs revealed by PCA. Functional annotation of genes in two of the modules suggested a strong correlation with pathways associated with the nervous system, including cholinergic synapses, circadian entrainment and dopaminergic synapses. Notably, following integration of the two modules with interactions between miRNAs, lncRNAs and mRNAs, as revealed by RNA Association Interaction Database (RAID) v.2.0 analysis ([@b18-mmr-18-02-2164]), one module demonstrated a close association with miRNAs, which, on the contrary, interacted with numerous lncRNAs associated with AD, such as metastasis associated lung adenocarcinoma transcript 1 (*MALAT1)* and non-protein coding taurine upregulated 1 (*TUG1*), which suggested that mRNAs and lncRNAs may represent ceRNAs for binding with miRNAs. These results suggested that this classification-represented ncRNA-mediated gene regulatory module established by the gene-pair-based method used in the present study may further the understanding of the mechanisms underlying the pathogenesis of AD.

Materials and methods
=====================

### Gene expression and RNA-RNA interactions

Gene expression data of 1,548 samples obtained from a cohort of 90 patients with AD spanning 19 brain regions generated by HG-U133A, HG-U133B and HG-U133_Plus_2 platforms were downloaded from the GEO database (database no. GSE84422) ([@b3-mmr-18-02-2164]). The 19 brain regions included the amygdala, anterior cingulate, caudate nucleus, dorsolateral prefrontal cortex, frontal pole, hippocampus, inferior frontal gyrus, inferior temporal gyrus, middle temporal gyrus, nucleus accumbens, occipital visual cortex, parahippocampal gyrus, posterior cingulate cortex, precentral gyrus, prefrontal cortex, putamen, superior parietal lobule, superior temporal gyrus and temporal pole. Robust multi-array average-normalized microarray data were downloaded ([@b19-mmr-18-02-2164]). Replicate genes were combined by taking the mean of their expression values. In order to minimize variance induced by technical variation, batch effects were removed using the R/Bioconductor package *sva* v 3.24.4 ([@b20-mmr-18-02-2164]), which is based on surrogate variable analysis ([@b21-mmr-18-02-2164]).

RNA-RNA interactions in humans, including 66 lncRNA-mRNA interactions, 85 lncRNA-miRNA interactions and 8,368 miRNA-mRNA interactions, were retrieved from RAID v.2.0 with a confidence score of ≥0.8 ([@b18-mmr-18-02-2164]).

### Classification of brain regions using a gene pair-based method

Gene pairs exhibiting correlated expression changes are likely to collectively perform a common function rather than such a function being performed by a single gene. Therefore, gene pairs were predicted to be more strongly associated with AD compared with genes functioning alone. A gene pair-based method was established to classify brain regions into different regional groups according to how each region is affected by AD.

Firstly, a C(2,N) × M correlation coefficient matrix was calculated followed by a Spearman\'s rank correlation coefficient, r~nm~, calculation for each pair of N genes in each of the M regions ([Fig. 1B](#f1-mmr-18-02-2164){ref-type="fig"}).
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n and m refers to the row and column in the matrix, respectively; g~Xm~ and g~Ym~ refers to the sample rank of gene X and gene Y in the region, respectively; ρ represents the rank-based converted Pearson correlation coefficient; cov and σ represent the covariance and the standard deviations of the rank variables, respectively; and C(2,N) refers to the 2-combinations of an N-element set.

Subsequently, the difference between each of the two brain regions for each gene pair was determined via Spearman\'s rank correlation coefficients and the sample size for each region was determined using the R/Bioconductor package *cocor* v 1.1--3 ([@b22-mmr-18-02-2164]) using a C(2,N) × M^2^ matrix calculation. Each gene pair was scored using a sum-normalized vote strategy, which is the votes divided by the sum, to determine the differential expression of correlated gene pairs across regions.

Finally, PCA was used to calculate the contribution score for each differentially expressed gene pair. Principal component 1 (PC1) and principal component 2 (PC2) were used to classify brain regions into different groups.

### ncRNA-mediated gene regulatory module identifications

A network was constructed using gene pairs that were revealed to exhibit the top 1% contribution rate in classified brain regions following PC1 and PC2 analyses. MCODE v 1.4.2 ([@b23-mmr-18-02-2164]), a Cytoscape ([@b24-mmr-18-02-2164]) plugin, was used to determine the functional modules that represented highly interconnected clusters of a network. Identified modules were integrated with 8,519 RNA-RNA interactions using RAID v 2.0 ([@b18-mmr-18-02-2164]) with a confidence score of ≥0.8 in order to reveal a ncRNA-mediated gene regulatory module ([Fig. 1C](#f1-mmr-18-02-2164){ref-type="fig"}).

### Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis

The enrichment of KEGG ([@b25-mmr-18-02-2164]--[@b27-mmr-18-02-2164]) pathways was performed using Database for Annotation, Visualization and Integrated Discovery (DAVID) v 6.8 ([@b28-mmr-18-02-2164]). Significantly enriched pathways were defined as P\<0.05.

### Heatmap analysis

Heatmap, representing data values using a color-coding system, was generated using the R/Bioconductor package *gplots* v 3.0.1 ([@b29-mmr-18-02-2164]).

Results
=======

### Batch effects induced by technical variance are removed

Following the collection of gene expression data from HG-U133A, HG-U133B, and HG-U133_Plus_2 platforms, it was revealed that there were marked differences in the top 500 genes based on the variance of gene expression between the three platforms in all samples; however, no marked differences were demonstrated between different brain regions ([Fig. 2A](#f2-mmr-18-02-2164){ref-type="fig"}). Following the removal of the batch effect by the R/Bioconductor package *sva* v 3.24.4 ([@b20-mmr-18-02-2164]), a satisfactory profile was obtained when samples did not exhibit any marked differences based on their generated platform ([Fig. 2B](#f2-mmr-18-02-2164){ref-type="fig"}).

### Gene pair-based method is used to classify 19 brain regions

Based on the established gene pair-based method, seven region groups were identified, including six out of 19 brain regions (31.6%) exhibiting different patterns of expressed gene pairs from each other, and an additional 13 clustered regions exhibiting different patterns from the six regions as presented in [Fig. 3A](#f3-mmr-18-02-2164){ref-type="fig"}, which suggested that despite the 19 brain regions being situated physically adjacent to one another, numerous regions, particularly the amygdala, caudate nucleus, nucleus accumbens, precentral gyrus, putamen and temporal pole regions, exhibited different expression levels of gene pairs. In order to investigate the mechanisms underlying the differential expression of gene-pairs in the identified brain regions, 4,731 gene-pairs (including 1,308 genes) that represented the top 1% contribution in PC1 and PC2 ([Fig. 3B](#f3-mmr-18-02-2164){ref-type="fig"}) were used to classify the different brain regions. Annotation enrichment analysis of these 1,308 genes using DAVID ([@b28-mmr-18-02-2164]) demonstrated that 63 KEGG ([@b25-mmr-18-02-2164]--[@b27-mmr-18-02-2164]) pathways were significantly annotated (P\<0.05), the top 10 pathways of which are presented in [Fig. 3C](#f3-mmr-18-02-2164){ref-type="fig"}. The top five pathways, including dopaminergic synapse, retrograde endocannabinoid signaling, circadian entrainment, morphine addiction and glutamatergic synapse, demonstrated a strong association between the 1,308 genes and pathways associated with the nervous system. For example, the majority of genes enriched in the dopaminergic synapse pathway were regulated by the same genes (for example protein kinase A) or regulated each other, highlighting the importance of these enriched genes in this pathway.

### The ncRNA-mediated gene regulatory module is identified

To further analyze the functions and cellular processes the 4,731 gene pairs are involved in, these were used to construct an interaction network involving 1,308 genes and 4,731 interactions. Using a Cytoscape plugin MCODE ([@b23-mmr-18-02-2164],[@b24-mmr-18-02-2164]), 5 highly interconnected modules were identified ([Fig. 4A-E](#f4-mmr-18-02-2164){ref-type="fig"}). Enrichment analysis of functional Module 2 and Module 3 demonstrated a strong correlation between pathways associated with the nervous system, including cholinergic synapses (P=0.04), circadian entrainment (P=0.01) and dopaminergic synapse (P=0.02). Notably, Module 2 was revealed to exhibit numerous interactions with miRNAs, which were revealed via integration with the ncRNA-mediated network to interact with a number of lncRNAs to form a ncRNA-mediated gene regulatory module, involving 105 molecules and 144 interactions ([Fig. 4F](#f4-mmr-18-02-2164){ref-type="fig"}). For example, surplus neurotrophic receptor tyrosine kinase (*NTRK3*) and peptidyl arginine deiminase 1 (*PADI1*) genes were demonstrated to interact with surplus miRNAs, including *hsa-miR-9-5p, hsa-miR-125a-5p, hsa-miR-125b-5p* and *hsa-miR-145-5p*; which were also revealed to interact with surplus lncRNAs, including long intergenic non-protein coding RNA, regulator of reprogramming; *MALAT1*, POU class 5 homeobox (*POU5F)1B, POU5F1 pseudogene (P)3, POU5F1P4, POU5F1P5, TUG1* and urothelial cancer associated 1 (*UCA1*). This suggested that these genes and lncRNAs may act as competing endogenous (ce)RNAs, by competing for binding of miRNAs. Many of the predicted ceRNAs have been previously reported as genes and lncRNAs associated with AD, including *NTRK3, PADI1, MALAT1, POU5F1B, POU5F1P4, TUG1* and *UCA1* ([@b30-mmr-18-02-2164]--[@b35-mmr-18-02-2164]). Therefore, the results suggested that lncRNAs, including *POU5F1P3* and *POU5F1P5*, may perform similar functions related to the nervous system like *POU5F1B* and *POU5F1P4*, which have previously been demonstrated to be associated with AD. In conclusion, this indicated that the ncRNA-mediated gene regulatory module may aid the understanding of the mechanisms underlying AD, as well as the development of novel therapeutic treatment strategies for patients with AD.

Discussion
==========

AD represents the most common neurological disorder worldwide, and has been previously reported to differentially affect various brain regions ([@b3-mmr-18-02-2164],[@b4-mmr-18-02-2164]). The aim of the present study was to identify five functional modules of brain regions associated with AD in 90 patients, which may be utilized to classify 19 brain regions into seven groups, including marked disparate groupings of six single regions and a cluster of another 13 regions using a gene pair-based method. Following this, five modules were used to further analyze associations with ncRNAs using the ncRNA-mediated network. Finally, genes involved in one of the ncRNA-mediated gene regulatory modules identified by the present study were revealed to be significantly enriched in pathways associated with the nervous system, such as the cholinergic synapse pathway. In addition, in agreement with previous studies that revealed that *NTRK3* and *PADI1* genes, as well as *MALAT1* and *TUG1* lncRNAs in this module were associated with AD ([@b30-mmr-18-02-2164]--[@b35-mmr-18-02-2164]), it can be inferred that *POU5F1P3* and *POU5F1P5* lncRNAs compete for binding a pool of miRNAs with *NTRK3* and *PADI1* genes, which provides novel insight into the mechanisms underlying AD.

Unlike traditional biomarker identification that identifies single molecules, the gene pair-based method established in the present study, which integrated the ncRNA-mediated gene regulatory network, may better represent the complex mechanisms underlying AD, as it includes associations between lncRNAs, miRNAs and mRNAs. For example, in the ncRNA-mediated gene regulatory module identified in the present study, hepatocellular carcinoma upregulated lncRNA and forkhead box O3B pseudogene lncRNAs were revealed to compete for binding with surplus miRNAs, such as *hsa-miR-182-5p* and *hsa-miR-107*. Furthermore, opa interacting protein 5-antisense RNA 1 and cyclin dependent kinase 4 pseudogene 1 lncRNAs as well as the inositol 1,4,5-trisphosphate receptor type 1 gene were revealed to compete for binding with miRNAs, such as *hsa-miR-424-5p* and *hsa-miR-34c-5p*. Therefore, such ceRNAs and miRNAs may represent novel candidate biomarkers for AD.

In conclusion, the present study established a gene pair-based method incorporated with ncRNA-mediated gene regulatory networks to identify module biomarkers associated with different brain regions, including lncRNAs, miRNAs and mRNAs. The results of the present study suggested that in order to comprehensively develop biomarker prediction methods and therapeutic strategies for the treatment of patients with AD, the interactions among cellular molecules must be determined.
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![Flow chart of modularity identification based on a ncRNA-mediated gene pair-based regulatory network in Alzheimer\'s disease. (A) Removal of batch effects introduced by technical variance. (Aa-b) Schematic diagram of principal component analysis showing the classification of samples. (B) Gene pair-based method used to classify 19 brain regions. (C) Module identifications integrated with an ncRNA-mediated network in order to determine the ncRNA-mediated gene-pair-based regulatory network. ncRNA, non-coding RNA.](MMR-18-02-2164-g01){#f1-mmr-18-02-2164}

![(A) Separation of gene pairs obtained from HG-U133A, HG-U133B and HG-U133_Plus_2 platforms via principal component analysis before removal of batch effects. (B) The differences between the platforms were corrected following removal of batch effect.](MMR-18-02-2164-g02){#f2-mmr-18-02-2164}

![(A) Separation of 6 brain regions and one 13-region cluster via principal component analysis using the gene pair-based method. (B) Heatmap of the sum-normalized vote strategy scores of 4,731 gene pairs, which were represented in the top 1% contribution in principal component 1 and principal component 2 analyses. Rows and columns represent gene pairs and brain regions, respectively. (C) The top 10 significantly enriched KEGG pathways (P\<0.05) of 4,731 differentially expressed gene-pairs (including 1,308 genes) in the identified brain regions. KEGG, Kyoto Encylopedia of Genes and Genomes.](MMR-18-02-2164-g03){#f3-mmr-18-02-2164}

###### 

\(A\) Module 1, (B) Module 2, (C) Module 3, (D) Module 4 and (E) Module 5 are five highly interconnected modules detected by the network constructed using the gene pair-based method. The nodes and the edges indicated the mRNAs and the interactions between them. (F) A ncRNA-mediated gene regulatory module associated with the nervous system was established. The nodes in blue, red and green represent mRNAs, miRNAs and lncRNAs, respectively. The edges in blue, red and green represent interactions between mRNAs, miRNAs and mRNAs, and lncRNAs and miRNAs, respectively. mRNA, messenger RNA; miRNA, microRNA; ncRNA, non-conding RNA; lncRNA, long non-coding RNA.

![](MMR-18-02-2164-g04)

![](MMR-18-02-2164-g05)

![](MMR-18-02-2164-g06)
